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1 Introduction

1.1 The rocket era

In the pioneering days prior to the launch of the first successful X-ray satellite Uhuru in 1970, rockets and
balloons were our only tools to study the X-ray sky, and only after the 1978-1981 mission of the Einstein
Observatory made satellite observing widely available in the community did the rocket era fade away. Fifty
years after the discovery of Sco X-1, suborbital sounding rockets and high-altitude balloons continue playing
a useful albeit minor role in X-ray astronomy for the testing of new detector technology. In this paper I
attempt a record for posterity of the suborbital X-ray astronomy flights; I will leave the story of balloons to
other researchers.

A full history of the early rocket programs would include flights dedicated to solar physics; in particular
the NRL and Leicester programs began with solar X-ray studies and were later extended to extrasolar X-ray
astronomy. Many of those early flights carried mere film detectors whose level of exposure could be used to
deduce X-ray flux; proportional counters came later. It is often difficult to distinguish solar UV, EUV and
X-ray instruments with the available documentation and I will leave solar missions for a possible later paper.

Much of the narrative story of this era is given in the book by Hirsh (1983) but there is no existing
accounting of individual flights. To remedy this, the main part of this paper consists of chronological tables
of rocket launches led by each of the different research groups. Some flights were the result of cooperative
work between multiple groups, and assignment of a rocket to a particular nominal lead group should not be
taken to imply that the contributions of collaborators were unimportant. Numerous flights were unsuccessful
due to either rocket or payload problems; and many of the successful instrument development flights were
never mentioned in a journal publication. I have tried to give example citations for those flights which did
generate published astronomical results.

The formal records of NASA and other agencies tend to give the official PI for the project, rather
than the student who worked on the mission. It would be nice to add data connecting rockets with theses
for a future edition of this document - so, Gentle Reader, if you see your ‘thesis rocket’ in this list, please
let me know.

Details of launches were obtained from a large number of different sources, mostly unpublished internal
memoranda from launch agencies and rocket manufacturers . Some agencies sent launch data to the World
Data Center A (Rockets and Satellites) at NASA-Goddard, and these were summarized in a database known
as the ‘Rocket File’. (NSSDC 1985, ‘WDC”). Unfortunately the file retained only a subset of the original data
provided, which was not retained, and contained many incorrect dates and duplications (e.g. an NRL/NASA
flight appearing with both NRL and NASA flight numbers exactly 24 hours apart). That dataset has been
edited and substantially supplemented with literature and archival searches to create a more extensive list
of suborbital launches which has been published online (McDowell 2002,2013) and references for individual
launch dates and times may be found there. For NASA sounding rockets, lists issued by NASA’s Wallops
Island launch site are available (NASA Wallops 1985-2000, ‘WISR’, in printed form, and 2000-present,
‘WISR-WWW?’| online).

1.2 Flight numbers

Each rocket has a flight number (sometimes more than one for cooperative projects) which may be used
to distinguish it from other similar rockets; unfortunately these are often omitted in scientific publications
about the results. This can be problematic when more than one rocket was launched on the same day.

The most common template for these flight numbers was established for the 1957-58 International
Geophysical Year, and is of the form

AA11.222BB

where the first element ‘A A’ encodes the launching agency and its responsible organizational subelement; the
second element ‘11’ encodes the rocket type; the third element ‘222’ is a flight number (in chronological order
of project approval rather than launch), and the final ‘BB’ provides further metadata. For NASA flights
this final element gives the sponsor type (D, U, C for Defense, University, Commercial) and the science



discipline (G for Galactic astronomy, S for solar physics, H after 1974 for High Energy Astrophysics). A
detailed description of some of these codes is available in NSSDC (1972).

Most launches in the early rocket years used versions of the Aerobee, which had a small solid booster
and a liquid-propellant sustainer stage, although the UK used its solid-fuel Skylark rocket. During the 1970s
the Aerobee began to be phased out in favor of a Canadian relative of Skylark, the all-solid-propellant Black
Brant and its derivatives.



1.3 Launch sites

As will be seen from the tables below, the White Sands Missile Range in New Mexico was by far the Northern
Hemisphere’s nexus of rocket X-ray astronomy, with Woomera in South Australia playing the corresponding
role below the equator. I use the same launch site codes as in McDowell (2002-2013), with the relevant ones
summarized here for convenience.

ANHU
CELPA
CERES
CLBI
CSG
EGL
ELAR
ESR
FC
HMG
JI
KASC
KAU
RES
SDQ
SHAR
SUIST
TERLS
TTR
WI
WO0O
WS

Anhueng, Ch’ungch’ong Namdo, South Korea

Centro de Ensayo y Lanzamiento de Proyectiles Autopropulsados, Chamical, La Rioja, Argentina
Centre d’Essais et de Recherches d’Engins Speciaux, Ile du Levant, France
Centro de Lancamento da Barreira do Inferno, Natal, Rio Grande N, Brasil
Centre Spatial Guyanais, Kourou, French Guiana

Eglin AFB, Florida

El Arenosillo, Huelva, Spain

ESRANGE, Kiruna, Sweden

Churchill Research Range, Fort Churchill, Manitoba, Canada

Hammaguir, Algeria

Johnston Island, Pacific Ocean

Kagoshima Space Center, Uchinoura, Kagoshima, Japan

Kauai Test Facility, Barking Sands, Kauai, Hawaii

Resolute Bay, Cornwallis I., Nunavut, Canada

Salto Di Quirra, Perdas de Fogu, Sardinia

Sriharikota Range, Sriharikota, India

South Uist Range, Scotland

Thumba Equatorial Rocket Launch Station, Trivandrum, Kerala, India
Tonopah Test Range, Nevada

Wallops Island, Virginia

Woomera Range, South Australia

White Sands Missile Range, New Mexico




2 US rocket programs
2.1 NRL (1959,1963-1981)

NRL attempted to detect extrasolar X-rays as early as 1959, but the detector was not sensitive enough.
After the Giacconi et. al. discovery of Sco X-1, NRL’s Herb Friedman directed grad student Stuart Bowyer
to build an X-ray detector. The first flight was in Apr 1963, with part of the payload also given over to UV

astronomy.
Most of the NRL flight IDs are from WDC, as noted in the table, or from Wallace (1973; W73).
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2.2 AS&E and SAO (1960-1981)

American Science and Engineering (AS&E) was a company based in Cambridge, Massachusetts, whose X-ray
astronomy group was led by Riccardo Giacconi. Their early work was carried out in collaboration with Bruno
Rossi of MIT, and the first flights were done as part of the US Air Force Cambridge Research Laboratories
rocket program with the help of AFCRL’s John Salisbury, before continuing within the NASA program.
After the flight of Uhuru the group left AS&E and formed what is now the High Energy Astrophysics
Division of the Smithsonian Astrophysical Observatory (SAO).

Prior to the Sco X-1 discovery flight several failed flights were carried out.

The 1960 Nike Asp flight from Florida’s Eglin Air Force Base, a failure, would have looked for lunar
X-rays. The Oct 1961 flight was the first search for extrasolar X-rays, but the detector doors failed to open.
In 1962 AB3.352 discovered the first extrasolar X-ray source, Sco X-1.

The AFCRL history confirms that the 1960 Sep flight was the first (failed) X-ray flight and suggests
that the WDCRF data showing a 1961 Oct 14 flight is a mistake for the 1961 Oct 24/25 mission, which also
partially failed.

The SAO flight program in the 1970s included a joint flight with the Frascati group.

AFCRL and NASA flight IDs are from WDC.
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2.3 Lockheed (1962-1993)

Philip Fisher of the Lockheed Palo Alto Research Laboratories group carried out some of the first X-ray
flights. Later on the group under the leadership of Loren Acton concentrated on solar EUV and X-ray

studies. NASA flight IDs are from WDC.
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2.4 Lawrence Radiation Lab (1965-75)

G. Chodil and Fred Seward at Lawrence Radiation Laboratory (LRL), after 1971 Lawrence Livermore
National Lab (LLNL), began an extensive X-ray astronomy flight program in 1965.

Sandia launched LRL rockets from Kauai and Johnston Island in the Pacific and Tonopah Test Range
in Nevada; the Naval Material Command supported Hydra-Iris launches in mid-ocean with the T-AGM-8
USNS Wheeling in the Pacific and the AVM-1 USS Norton Sound in the Atlantic.

A large proportional counter array was launched as a secondary payload on a Thor missile flight from
Johnston Island in 1970, but the payload failed to operate correctly.

Launch IDs and launch dates for these flights were obtained from unpublished documents kindly
provided by Fred Seward (Seward, 2010).
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2.5 Berkeley (1966-1978)

Stu Bowyer moved from NRL to Catholic University and then to the University of California, Berkeley, and
flew several X-ray payloads before specializing in EUV astronomy. Two were NASA flights and one used a
Kitt Peak rocket. Flight IDs are from WDC.
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2.6 MIT (1967-1985)

Hale Bradt led the MIT rocket program after three initial experiments by Oda done as part of the AS&E
flights. The NASA flight IDS are from WDC and WISR.
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2.7 Wisconsin (1967-present)

A small X-ray package was carried on Art Code’s stellar UV payload in 1967, but the main Wisconsin
X-ray program began in 1969 under Kraushaar. The program focussed on soft X-ray measurements of the
interstellar medium.

In 1995 a series of joint NASA-Goddard/Wisconsin flights began to test the X-ray Quantum
Calorimeter, developed for flights on the Astro-E/H series of Japanese X-ray satellites.

The Aerobee IV payload last flown in 1980 was reflown with modifications in 2012 by M. Galeazzi of
the University of Miami.
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2.8 GSFC (1968-present)

The Goddard Space Flight Center X-ray astronomy flight program began in 1968 under Elihu Boldt, in
collaboration with Steve Holt. An additional flight in 1988 tested the mirrors developed by Peter Serlemitsos;
GSFC is was a partner with Wisconsin in the ongoing XQC series of flights.

The engineering document for NASA 17.0056GT-GG the Aerobee 350 test flight, says that it also

carried an X-ray payload ‘to investigate solar and stellar X-ray phenomnea’.
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2.9 Columbia (1968-87)

The Columbia Astrophysics Laboratory (CAL) at Columbia University in New York flew a series of rockets
from 1968 to 1987; the PI for most flights was Bob Novick. The flights were launched by NASA, except for
two missions flown as part of the indepdenent and little-known Kitt Peak rocket program.

23



USIM YPUMON 006 8 URIg PRI OOM TVD 7990 L86T HN¥Z0'9E VSVN
USTM Ny 9pz DS Jeag elg  SM TVD V1 AR €861  HNLY0'LZ VSVN
USIM Ny €4z g8 JUeIg R[] SM TVD LT AON 1861  HNLSO'LZ VSVN
Dam PUMON 9T V00G 99401y OOM TVO 6T 9@d LL6T  HNPE0'9Z VSVN
DaMm  Tz1z0erdy JPION  L6T V00T 9990y SM TVD 8299 PL6T  DN0L09Z VSVN
DAM  STT'G0grdy PUON 69T 0L1 90qoY OV TVD € AON PL6T  DNLOT'ET VSVN

DAM  PUONPIOM 98T  VO00Z 90901y  SM TVD 6 9PATL6T  DNTZ0'9Z VSVN

Dam jdoyssop 9T 0LT 92q01Y  SM TVD ¢ Inr €461 DNLSOET VSVN
OaM YPUON (400G 0GT 90010y SM ONdM/TVD 12 TeIN 2L6T se'edy
Dam PUON 96T 0CE 99qOY  SM W] YX TVD &6 P TL6T  DN600°LT VSVN
Oam JPLON  FLZ  J0GT 99Oy SM ONdM/TVD ¥z 1dy 0L61 0g'edy
Dam YPUON  T€T 0CT 9990y SM TVD T 9Pd 06T  DNT00ET VSVN
Dam YPUoN 09T 0CT 9940y  SM TVD L IRIN 696T  DN9ISTF VSVN
Oam JPLON TP 0CT 9940y SM TVD  LZ 1oL 8961  DNIETT VSVN
Dam PraoN 3 0CT 9090y  SM TVD € AR 896T  DNIETT VSVN
4 d1 3 3e8Ief, 1d_ody NS $930N qe] oreq WS

SIYSIY 10RO BIqUINIO) 6 A[RL

24



2.10 Caltech (1969-78)

Gordon Garmire began a rocket program at Caltech; in the 1980s he transferred to Pennsylvania State

University.
The Wolter telescope flown on 1978 Dec 11 was reflown on 1981 Mar 24 but this time with a detector
whose upper energy wasf 0.07 keV so I am categorizing it as an EUV mission and omit it here.
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2.11 Penn State (1986-1998)

Garmire’s Penn State program positioned PSU for its role in Chandra’s ACIS camera.
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2.12 Colorado (1991-present)
Webster Cash at the University of Colorado flew soft X-ray telescopes starting in the 1990s.
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2.13 Other US programs

According to NASA records, Tackett and Hemenway at the Dudley Observatory flew an X-ray astronomy
payload in 1969. L. Gratton was also at Dudley at the time and this was actually a Roma/Frascati payload
with Dudley assistance.

Two and possibly three flights by Singer and Blake at the Los Alamos Scientific Laboratory (LASL)
are not well documented. The first flight, SHIRX, carried a solid state spectrometer to obtain a spectrum of
Sco X-1; its Sandia flight ID is unknown. A flight in 1976 (Joel Powell, personal communication) may have
been a reflight of the same payload.

A flight by Art Walker from Stanford in 1983 was recorded in NASA lists as an X-ray astronomy
flight; I have no details. Walker was mainly known as a solar physicist and carried out the MSSTA series of
multilayer optics flights in 1991-2002.

31



32

YSIM YA\ 68T D8 YURIg Rl SM NVLS 6¢ unf €867 HNLEOLT VSVN
USIM el GFe D8 1weIg e[ SM TSVT  ¢¢ unf g86T HV890'L% VSVN

(000¢) TPmod (SIS j00E  MEUPURS BB, NV i ISV 9 unf 9261 4-18¢ erpueg
829 T 6 TSN-HHHT BIUIS  j00¢  yMeypueg BULL  OAVM  XYIHS ISVT 2T ARV 161 -18¢ eIpueg

9 Al Joy  1e8iref, Id odvy AT 915 890N qe ore( 1SIA

SYSIY 49301 5 PO €T AGRL




3 UK groups

3.1 Leicester

Ken Pounds began solar X-ray film flights from Woomera as part of the UCL group in 1959 and continued
the program when he moved to Leicester in 1960; extrasolar X-ray studies began with flights in 1964. The
program positioned Leicester for its work on the Ariel V satellite.
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3.2 MSSL and Birmingham

The Mullard Space Science Laboratory is an outstation of University College, London; UCL was the core of

the early UK space science program under H. Massey.
The Birmingham flights were mostly carried out in collaboration with MSSL, after Willmore left

MSSL in the mid 1970s to take over the Birmingham group, and so are tabulated here.
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3.3 Bristol

Gamma ray astronomer R. Hillier flew scintillation detectors to study the X-ray background on Petrel rockets
from South Uist in Scotland in 1973 (Massey and Robins 1986). Results are unknown.
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4 Japan

The Japanese rocket program was led by the Institute of Space and Aeronautical Science (originally Tokyo;
later in the suburb of Sagamihara). University groups participated in the X-ray payloads, especially Minoru
Oda’s ISAS group and the group at Nagoya university under Hayakawa which also had some independent
projects, including the LEINAX series done with Leiden.

The Japanese flights typically carried a mixed payload with experiments from different disciplines
and different experimenters; the data below applies only to the X-ray experiments on each rocket.

A set of flights were also carried out in 1968-69 in collaboration with India and NASA; these are noted
in the ISRO section.

4.1 ISAS and Nagoya
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5 European groups

5.1 Bologna

Bologna flew two flights on a joint flight with a Royal Observatory Edinburgh UV camera, and four flights
wiht a payload developed in collaboration with ESTEC.
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5.2 Roma

L. Gratton of the University of Roma La Sapienza flew an experiment on an ESRO rocket in 1971. An
earlier experiment, with Spada of Frascati and Tackett of Dudley Obs., was flown under NASA auspices.
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5.3 LAS and CEA

Two French groups, the Laboratiore d’Astronomie Spatiale at Marseille (LAS) and the Commissariat
d’energie atomique’s Centre de Saclay (CEA), flew X-ray rocket experiments.

CEA also participated in Leicester flight SL1112.
Included in the list below is ESRO S94 - it is not known which European groups participated in this

flight, which is thought to have included an X-ray astronomy payload according to the WDC-A database.
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5.4 Leiden

The Universiteit Leiden carried out a series of X-ray flights in collaboration with the Nagoya group. These
Leiden-Nagoya-X-Ray (LEINAX) missions used rockets provided by the US defense contractor Sandia
Corporation.

Utrecht also had an X-ray group, which participated in the ESRO S95 flight with CEA Saclay as
well as flying solar X-ray and auroral payloads. ESA’s ESTEC in Noordwijk prepared European sounding
rockets and participated in the Bologna experiments (below).
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5.5 MPE

The Max Planck Institut fur Extraterrestrische Physik in Garching bei Munchen (MPE) flew rockets prior
to the ROSAT era, in collaboration with UK and US groups. In the 1980s, under Joachim Triimper, it led
development of the ROSAT satellite.
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6 Other countries

6.1 Australia

The University of Adelaide flew a series of missions in 1967-1970 in collaboration with the University of
Tasmania.
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6.2 Canada

Wilson at the Universy of Calgary carried out an X-ray astronomy program using Canadian Black Brant
rockets launched from Resolute Bay. His affiliation was later changed from the University of Calgary to the

National Research Council.
It’s not clear whether the AKF-4A-19 flight carried an X-ray payload.
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6.3 Argentina

The database of the World Data Center for Rockets and Satellites encoded the suggestion that two 1967 flights
of Orion-2 sounding rockets from Argentina’s CELPA launch base carried X-ray astronomy experiments,
but I have not been able to find confirmation. I suspect that the payloads were actually to measure the
atmospheric gamma ray background (Bosch, SR6,1077) rather than extrasolar X-rays. I welcome information
from Argentine colleagues who can provide more details.

The sponsor organization was ITAE (Instituto de Investigaciones Aeronuticas y Espaciae) and the
science group was at Instituto ed Astronomia y Fisica del Espacio in Buenos Aires.
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6.4 India

The Indian Space Research Organization (ISRO) launched X-ray missions, some in collaboration with NASA.
Early flights carried payloads from the Physical Research Lab (PRL) in Ahmedabad; later flights involved
the Tata Institute for Fundamental Research (TIFR) in Mumbai.

Launches were transferred from the TERLS range in Thumba, Kerala, to the new Sriharikota range
(now Satish Dhawan Space Center) in the late 1970s.
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6.5 South Korea; KARI program

South Korea’s KSR-II sounding rocket carried an X-ray payload, apparently a proportional counter, as a
development test for future science missions.
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Appendix
Some comments from Paul Gorenstein: (rocket flight IDs added by the author)

On the ASEE March 1966 rocket flight (NASA 4.148CG) a non-focusing instrument provided
a position for Sco X-1 that was precise enough for an optical identification. It was the
modulation collimator invented by Minoru Oda and given more positioning power by Herb
Gursky’s modification which consisted of using two modulation collimators with slightly different
periods to create a finer positioning vernier effect. I took that payload into the field at the WSMR,
Herb Gursky came for the final three days. That flight demonstrated the importance of obtaining
a precise position and an optical identification.

To resolve the question of whether the X-ray source in the Crab Nebula was point-like or extended
an NRL rocket flight ( (NRL NB3.164, Bowyer et al, 1964) observed a rare lunar occultation
of the Crab Nebula. It was found to be extended. It had not yet occurred to anyone that it did
not have to be one or the other. It could be extended and also contain a point source.

In my opinion the Oct. 1966 ASEE rocket flight (NASA 4.149CG), a collimated proportional
counter survey of the galactic plane and the Cygnus region was the first survey to provide multiple
reliable positions, although not good enough for unambiguous optical identifications. Cygnus X-2
and Cygnus X-8 were discovered.

A rocket flight I led in 1970 (NASA 13.012CG) to observe the Cygnus Loop was the first use of
imaging X-ray optics, a 1D Kirpatrick-Baez telescope in that case. The first use of 2D imaging
optics, as far, as I know was my 1975 rocket flight (NASA 17.015UG ) that observed the Virgo
Cluster and detected X-ray emission from the guide stars. That flight and two others with the
same telescope that followed in 1976 (NASA 17.016UH, Perseus Cluster and guide stars)and
1977 (NASA 17.017UH, Coma Cluster and star(s)) provided the data for the Ph.D. theses
of Dan Fabricant and Ken Topka. I think that those flights and successful use of X-ray optics
by others facilitated the approval of an X-ray telescope for HEAQO-2, which became the Einstein
Observatory.

A 1967 rocket flight in Australia led by Ken McCracken detected a source in the southern
hemisphere as intense or even more intense than Sco X-1. A few weeks later, a second rocket
flight in Australia, led either by McCracken or Leicester observed that the source’s intensity had
diminished significantly and it disappeared eventually. It was the first transient X-ray source and
the first indication at least to me how variable X-ray sources could be.

It usually took NASA six months to re-launch a rocket payload. That is much longer than it took
to refurbish a payload that was recovered successfully without significant damage. Other rocket
programs with a different Goddard support group were waiting in line. In June 1976 (NASA
27.008UH) following the failure of the rocket’s attitude control system to point our telescope
at the main target I was pleasantly surprised when the Goddard manager for our rocket who
accompanied us into the field offered to re-launch the payload as soon as possible. Indeed the
following month the payload was relaunched and the attitude control system functioned perfectly.
I later learned that the reason the Goddard manager was so kind to us was that he had a girlfriend
locally that he was eager to get back to.
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